The process of arginine-dependent extreme acid resistance (XAR) is one of several decarboxylase-antiporter systems that protects Escherichia coli and possibly other enteric bacteria from exposure to the strong acid environment of the stomach. Arginine-dependent acid resistance depends on an intracellular proton-utilizing arginine ␣-decarboxylase and a membrane transport protein necessary for delivering arginine to and removing agmatine, its decarboxylation product, from the cytoplasm. The arginine system afforded significant protection to wild-type E. coli cells in our acid shock experiments. The gene coding for the transport protein is identified here as a putative membrane protein of unknown function, YjdE, which we now name adiC. Strains from which this gene is deleted fail to mount arginine-dependent XAR, and they cannot perform coupled transport of arginine and agmatine. Homologues of this gene are found in other bacteria in close proximity to homologues of the arginine decarboxylase in a gene arrangement pattern similar to that in E coli. Evidence for a lysine-dependent XAR system in E. coli is also presented. The protection by lysine, however, is milder than that by arginine.
The family Enterobacteriaceae includes some of the most frequently encountered and virulent pathogens, such as Escherichia coli strain O157:H7 and Shigella, Salmonella, and Yersinia spp. (8) . Infectiousness in these organisms, as well as colonization by benign ones, relies upon an ability to withstand exposure to strongly acidic pH (pH Ͻ3.0) for up to several hours to permit safe passage through the human stomach on the way to the gut (1, 13, 33) . The mechanisms by which enteric bacteria achieve extreme acid resistance have been thoroughly investigated during the past few years (1, 9) , and for E. coli, the genetic and environmental requirements for the process are understood in broad outline (5, 7, 21, 22, 31) . Extreme acid resistance, which we name XAR according to the nomenclature of Hersh et al. (15) , refers to the following features: (i) robust survival upon extended exposure to strong acid (Ͼ1 h at 37°C in HCl, pH Ͻ3), (ii) requirement for fermentative growth in rich medium to stationary phase prior to acid exposure, (iii) no requirement for an adaptation step at a mild acid pH prior to acid shock below pH 3.0, and (iv) dependence on certain amino acids during acid shock (4, 19, 20) . We explicitly ascribe to XAR the above-described features to avoid confusion with the previously described E. coli acid tolerance response (9, 26) or with the oxidative acid resistance response (4, 19) , the former operating at mild acid shock and the latter not requiring supplementation during extreme acid shock.
Two XAR systems, thus defined, are currently known to exist in E. coli. One depends on the availability of glutamate, and the other depends on arginine (4, 19, 20) . The common theme underpinning both systems is amino acid decarboxylation in the cytoplasm, which is the proton-consuming chemical reaction that counteracts lethal intracellular acidification in an HCl-rich environment. The role of amino acid decarboxylases in ameliorating internal acid pH stress was suggested by Gale over 50 years ago (11) , and recently, several laboratories have identified the genes involved. The E. coli genome contains genes for two glutamate decarboxylases, gadA and gadB, and an arginine decarboxylase gene, adiA, that carry out this function (4, 19, 20, 28, 29) . In addition, each XAR system requires a second component, an inner membrane antiporter used to deliver the amino acid substrate to, and remove the decarboxylated product from, the cytoplasm (4, 27) . The glutamate-␥-aminobutyrate (glutamate-GABA) exchanger gene, gadC, serves this function in glutamate-dependent XAR (4, 15, 16) . However, the antiporter required to exchange arginine for its decarboxylation product, agmatine, has not previously been found. Here we identify the gene coding for the E. coli arginine-agmatine exchanger used in XAR, a membrane protein spanning 12 amino acids of unknown function, designated yjdE (b4115) and now named adiC by us and, recently, by others (12) . The adiC gene is a homologue of a gene, aniC, in Salmonella enterica serovar Typhimurium that is conjectured to be the possible arginine-agmatine exchanger in arginine XAR (25) and was previously identified from a genetic analysis by using lacZ transcriptional fusion proteins activated under conditions of low pH (10) . We show that adiC functions specifically in arginine XAR and that the dependence of transport activity on arginine concentration and pH naturally accounts for its role in maintaining cell viability under strong acid stress conditions.
MATERIALS AND METHODS
Genetic techniques, bacterial strains, plasmids, and growth conditions. The yjdE/adiC deletion (⌬yjdE) strain was constructed with the one-step gene inactivation technique (6) . In the Swiss-Prot database, YjdE is listed as a hypothetical transport protein (accession no. P39269). The gene deletion was transferred to the MG1655 background by using standard P1 transduction techniques (23) . All experimental results shown here were in the background of the MG1655 E. coli strain, which we designate the wild type. To create rescue plasmid pRI-adiC1, the yjdE coding region was cloned by PCR from genomic DNA and inserted behind a lac promoter between the XbaI and HindIII sites in the plasmid pWSK29 (32) . The sequence of the insert was confirmed and is identical to that deposited in the database.
In all acid shock experiments, cells were prepared by growth to stationary phase (18 to 20 h at 37°C) in 50-ml conical tubes in brain heart infusion broth with 0.4% glucose (BHIG). The BHIG contained ϳ17 mM disodium phosphate and had a starting pH of 7.4 Ϯ 0.2. After growth to stationary phase, the pH was ϳ5.5. For rescue experiments, ⌬yjdE cells were transformed with the rescue plasmid and then grown to stationary phase in the presence of IPTG (isopropyl-␤-D-thiogalactopyranoside) at the desired concentration.
Acid shock experiments. Acid shock experiments were carried out in a pH 2.5 minimal shock medium containing 40 mM KCl, 80 mM KH 2 PO 4 , 33 mM H 3 PO 4 , 1.7 mM Na 3 citrate, and 20 mM glucose with or without added amino acids (1 mM in most experiments). For some experiments, pH varied in the range of 2.1 to 4.0 by adjusting the KP i buffers while the solution osmolarity was maintained at 305 Ϯ 5 mosM, a maneuver that necessitated a covariation of 110 to 135 mM in K ϩ and 140 to 101 mM in P i . Cell survival was assayed by diluting a 10-l aliquot of stationary-phase culture into 1 ml of prewarmed acid shock medium and incubating the culture at 37°C for 2 h; after appropriate serial dilution, cells were plated on Luria-Bertani agar plates for counting of well-separated colonies after overnight growth. Survival efficiency is defined as the percentage of survivor colonies relative to the number of colonies plated directly from the stationaryphase culture without the acid shock step.
For measurement of arginine and agmatine transport rates during acid shock, an aliquot of the stationary-phase culture was pelleted and resuspended in 1 ml of prewarmed shock medium (final cell density, 5 ϫ 10 8 cells/ml). About 15 s after dilution, transport was initiated by adding arginine (10 M to 1 mM). At each time point, a 55-l aliquot was removed and added to an Eppendorf tube containing 5.5 l of 1.1 M KOH, a step that instantly stops transport by neutralizing the medium (16) . The suspension was centrifuged for 15 s at 14,000 rpm in an Eppendorf centrifuge, and 20 l of the supernatant was removed for determination of arginine and agmatine.
Quantitation of arginine and agmatine. Arginine and agmatine were quantified by reverse-phase high-pressure liquid chromatography after precolumn derivatization with phenyl isothiocyanate (PITC) according to standard methods (14) . The acid shock supernatant aliquot containing 1 to 20 nmol of arginine or agmatine was added to 100 l of a solution of 0.5% (vol/vol) PITC dissolved in freshly mixed acetonitrile-pyridine-triethylamine (10/5/2, by volume). The mixture was incubated for 10 min at room temperature and then evaporated overnight in a vacuum centrifuge. The residue was dissolved in 200 l of water, and 80 l of this was injected onto a Vydac C 18 column; arginine and agmatine peaks eluting in a gradient (2 to 50% for 20 min) of water-acetonitrile, with 0.1 M ammonium acetate in each solvent, were measured by comparison of either peak heights or integrated areas against appropriate standards.
RESULTS
Amino acid requirement for extreme acid survival. We conducted a brief survey of 21 natural amino acids to compare their relative levels of effectiveness in protecting E. coli cells from strong acid exposure. Cells were challenged with acid shock conditions (37°C for 2 h, pH 2.5) in the presence of a 1 mM concentration of each amino acid, and survival efficiency was assessed (Fig. 1 ). Control cells with no added amino acid are highly susceptible to acid shock (Ͻ0.05% survival), but an addition of 1 mM glutamate or arginine to the shock medium raises the survival efficiency by many orders of magnitude (30 or 15%, respectively), as is well known (4, 19) . Figure 1 further shows that lysine also supports XAR, albeit at a lower efficiency (ϳ3%) than glutamate or arginine. No other amino acid tested produced robust survival.
Identification of the arginine-agmatine transporter underlying arginine-dependent XAR. Biological necessity demands that for XAR to operate, E. coli must have a membrane transport protein to feed the arginine decarboxylase gene, adiA, with substrate and to expel the product into the medium. To search for this elusive transporter, we examined the E. coli genome to see whether the arrangement of genes involved in glutamate-dependent XAR is recapitulated near adiA. As shown in Fig. 2 , the glutamate XAR locus in E. coli consists of two genes arranged in tandem: gadC, the glutamate-GABA exchanger gene, followed by gadB, the glutamate decarboxylase gene (2) . Inspection of the region near adiA reveals a putative 12-amino acid transmembrane protein coding region designated yjdE in unknown-function nomenclature, as well as a region coding for small, AraC-like putative regulatory protein, AdiY. The close physical proximity of yjdE to adiA resembles the arrangement of the glutamate XAR locus and thereby points to YjdE as the arginine-agmatine exchanger. We tested this idea by deleting the yjdE gene from E. coli MG1655. The deletion specifically and completely abolished arginine-dependent XAR (Fig. 3) . Survival efficiency for ⌬yjdE cells under control conditions (no added amino acids) was very low (Ͻ0.01%), but in contrast to what occurred with the wild type, the addition of arginine failed to increase survival. Moreover, the ⌬yjdE cells survived normally in the presence of glutamate, a result that further confirms the independence of the two XAR systems (4). Lysine-dependent acid protection was also functional in the ⌬yjdE cells. Arginine-dependent XAR can be rescued in the deletion strain by delivering the yjdE coding region under lac promoter control on a low-copynumber plasmid; rescue was partial in the absence of IPTG but rose to wild-type survival efficiency at 1 mM IPTG. These results demonstrate that the absence of yjdE alone was responsible for the acid sensitivity of these mutants, and the results highlight the role of this gene in the arginine-dependent XAR mechanism. We confirmed (data not shown) that arginine decarboxylase activity (16) in ⌬yjdE cells is comparable to wildtype values.
When encountering an acid challenge in the presence of arginine, wild-type E. coli cells take up arginine and extrude agmatine with a 1:1 stoichiometry (16). The immediate release of agmatine in response to acid shock, illustrated in Fig. 4 , reflects this exchange process. The initial rate of agmatine release in wild-type cells, 0.26 nmol/min, corresponds to a turnover rate of ϳ5,000 molecules/s/cell. Arginine-agmatine exchange in the yjdE cells, however, was completely inhibited. This transport deficiency was partially rescued by transformation of the deletion strain with the yjdE rescue vector, once again in an IPTG-dependent manner. Maximal transport occurred at 1 mM IPTG, at about half the rate seen in the wild type. Inducer concentrations above 1 mM had no additional effect on transport (data not shown).
pH and substrate dependence of arginine-dependent XAR. It is known that arginine transport is active under strongly acidic conditions and is silenced at neutral pH (16) . We doc- ument the pH dependence of the transport phenomenon in more detail in Fig. 5 . The agmatine extrusion rate is maximal near pH 2.5, falling sharply above this value and becoming undetectable by pH 4.0. Both survival and exchange rates varied with arginine concentration (Fig. 6) . Survival efficiency rose steeply with arginine (Hill coefficient, 3.2) at a half-maximal concentration of ϳ100 M. In parallel, the rate of agmatine release also increased in a saturating fashion with arginine concentration, with a similar value for half-maximal concentration.
DISCUSSION
For several years, three types of stationary-phase acid resistance phenomena have been described for E. coli: two systems apparent during fermentative metabolism-one dependent on glutamate and the other dependent on arginine-and a third amino acid-independent system expressed during oxidative growth (1, 4) . XAR as defined here refers exclusively to the amino acid-dependent fermentative systems. Each of the XAR systems is based on a proton-consuming decarboxylase and an amino acid-amine antiporter protein. We have hypothesized (16) that the antiport of arginine and agmatine at pH 2.5 is electrogenic, resulting in the transient hyperpolarization of the inner membrane. This hyperpolarization may be relieved by the shunting of a negative charge via the ClC-type Cl Ϫ channel in E. coli, thus allowing the uninterrupted cycling of the antiporter (16) . Thus, deletion of the ClC-type Cl Ϫ channel would hinder the cycling of arginine and agmatine by AdiC and lead to acid sensitivity (16) . The genes coding for the decarboxylases and for the glutamate-GABA antiporter are known, but the arginine-agmatine exchanger has not been identified in past investigations. We fill this gap here by showing that the unknown-function gene yjdE codes for this exchanger. This gene is located close to the arginine decarboxylase gene adiA, an arrangement reminiscent of the glutamate XAR system genes, gadB and gadC, that are known to cohabit an operon (4) . Accordingly, we propose to rename yjdE adiC in a manner analogous to that used to name the gadC glutamate-GABA exchanger. The primary focus of this investigation has been the verification of AdiC as the transporter crucial in arginine XAR, but we have also presented the results of supplementary experiments to fill out some details of these acid resistance systems.
A supplementary finding was that lysine-dependent XAR exists in E. coli. The effectiveness of lysine-dependent acid tolerance response in protecting S. enterica serovar Typhimurium cells in strong acid (pH 3.0) has been thoroughly ) reported lysine to be ineffective in protecting E. coli cells for all of the three strains they tested. We employed E. coli wild-type MG1655 grown in BHIG for these experiments. The differences between the results of Lin et al. (19) and ours may lie in the choice of strain and/or medium for overnight growth. It has been known for some time that E. coli uses a lysine decarboxylase and its accompanying lysine-cadaverine exchanger, the cadBA system, to protect against mild acid shock (24, 34) and that a similar set of genes works analogously in S. enterica serovar Typhimurium, providing protection at pH 3.0 (26) . We show here an analogous lysine-mediated protective effect under XAR conditions in E. coli wild-type MG1655 cells, which is an effect not observed for other strains of E. coli tested (19) . Park et al. (26) also showed that deleting the lysine decarboxylase gene (cadA) eliminated this lysine-dependent process in S. enterica serovar Typhimurium cells. In this context, the cadBA system is a reasonable guess for the genetic underpinnings of E. coli lysine XAR. Testing the viability of lysine-dependent XAR in a ⌬cadB strain is an obvious future experiment. We do know, however, that lysine-dependent XAR does not reflect promiscuity of the arginine system towards lysine, since deletion of adiC, which fully inhibits the arginine system, has no effect on the lysine system. It is as clear as it is unsurprising that functional transport activity is intimately linked to cell survival during acid shock. The rate of arginine-agmatine exchange and the efficiency of survival vary similarly with arginine concentration, with a halfmaximal concentration of ϳ100 M for each. Because of the complexity of the multiple tightly coupled steps in the acid resistance process, this does not mean that transport is the rate-limiting step in survival. Nevertheless, the close correlation of survival and adiC-catalyzed transport buttresses the picture of robust substrate transport as a necessary condition for cell survival in strong acid.
Rates of arginine-agmatine exchange vary sharply with the pH of the medium, with a fivefold level of activation as pH drops from 2.8 to 2.5 and essentially no activity above pH 4. Since the transport assays are done on intact cells rather than an in vitro reconstituted system, we cannot validly assert that it is the transport protein itself that is directly activated by low pH. The difference between the transport pH optimum and the corresponding pH optimum of 5.2 for the purified E. coliinducible arginine decarboxylase (3) suggests that the pH curve probably reflects a combination of the properties of the enzyme-transporter complex. However, we can say that the transporter functions well at an extracellular pH below 2.5, as is demanded by all standard models of XAR. This finding is precisely as expected if this protein plays an essential role in allowing the bacterium to survive in the stomach during its journey to the intestine. Future biochemical work on the transporter in a reconstituted system (16) would be valuable in establishing the pH dependence more accurately.
It is instructive to compare the organization of argininedependent XAR genes in E. coli with those in other bacteria. As illustrated in Fig. 7 , adiC and adiA homologues are present in the enteric pathogens E. coli O157:H7, Shigella flexneri, S. enterica serovar Typhimurium, Yersinia pestis, and a nonenterobacterial pathogen, Pseudomonas aeruginosa. These adiC homologues share convincing sequence identity (50 to 100%), and all lie in proximity to an AdiA-like arginine decarboxylase. Like E. coli, Salmonella carries a homologue of AdiY, an AraC-like putative regulatory protein whose specific function is unknown but which may act as the fulcrum of a proper operon, since it is known to increase the expression of adiA (30) . Future experiments are required to test this possibility. The common organization of these genes suggests that the natural substrates of adiC homologues are arginine and agmatine, possibly for acid resistance in enteric bacteria and perhaps for alternative physiological purposes in other organisms. Indeed, Park and colleagues (25) , in their work to identify anaerobiosis-and acid-inducible genes in S. enterica serovar Typhimurium, previously named this organism's adiC homologue aniC, (for anaerobiosis inducible) and speculated that it might code for an arginine-agmatine antiporter, citing its sequence similarity to PotE, the well-characterized putrescine-ornithine exchange protein of E. coli (18) . Since S. enterica serovar Typhimurium is known to survive pH 2.5 shock in the presence of arginine (17) , it is likely that this adiC homologue functions in a manner similar to that described here for E. coli.
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ADDENDUM
Another article identifying the yjdE (adiC) gene and its involvement in E. coli XAR appeared in print in the Journal of Bacteriology during the time this paper was under process of review for publication. The said paper by Gong et al. (12) has been cited in the reference section of this article. FIG. 7 . Genome organization of adiC homologues in several bacterial species. The adiC homologues are marked by cross-hatched arrows; sequence identity to E. coli adiC is as indicated. The putative regulatory protein AdiY is marked by short black arrow, and adiA arginine decarboxylase gene homologues are represented as unfilled arrows. The question marks for P. aeruginosa represent a membrane protein of unknown function. Agm, agmatine.
